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EXPOSURE TO ULTRAVIOLET RADIATION CAUSES PROTEOMIC
CHANGES IN EMBRYOS OF THE PURPLE SEA URCHIN,
STRONGYLOCENTROTUS PURPURATUS
Joseph Paul Campanale

The amount of solar ultraviolet radiation (UVR, 290-400 nm) reaching Earth’s
surface is increasing due to ozone depletion and global climate change. Embryos of
the purple sea urchin, Strongylocentrotus purpuratus, provide an ideal system for
examining how UVR affects developing marine organisms and cells in general. To
model the protein-mediated cell cycle response to UV-irradiation, six batches of S.
purpuratus embryos were exposed to UVR, monitored for delays in the first mitotic
division and examined for global proteomic changes. Embryos from each batch were
exposed to or protected from artificial UVR for 25 or 60 min. Embryos treated with
UVR for 60 min cleaved an average of 23.24 min (±1.92 s.e.m) later than the UVprotected embryos. Protein expression of UV-protected and UV-treated embryos was
examined at 30 and 90 min post-fertilization using two dimensional sodium dodecyl
sulfate polyacrylamide gel electrophoresis (2D SDS-PAGE) and mass spectrometry
(MS). Proteins were isoelectrically focused (pH 4-7) and separated by molecular
weight using SDS-PAGE. At least 1,306 protein spots were detected in all gels. A
total of 171 protein spots (13% of the detected proteome) migrated differently in UVtreated embryos at 30 min post-fertilization and 187 spots (14%) at 90 min postfertilization (2-way ANOVA, P= 0.03, n=6). Our results identify the differential
migration of proteins from multiple cellular pathways and are the first to indicate that
the mechanisms involved in the protein mediated UV-induced developmental delay
are integrated among pathways for cellular stress, protein turnover and translation,
signal transduction, general metabolism and involve the cytoskeleton.
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Chapter 1
Introduction
Statement of problem: Since the early 1900’s, scientists have recognized that
ultraviolet radiation has negative effects on organisms and that sea urchin embryos
can be used as a model system to examine cellular responses to UVR (Giese, 1938).
Although many reports have detailed anomalies caused by UVR, such as delays in
division, morphological abnormalities and death (Giese, 1964; Rustad, 1971), only
recently have we had the power to examine these effects at the molecular level. We
report the use of a proteomics (explained below) for providing a comprehensive,
objective assessment of the UV-stressed sea urchin embryo proteome as a
compliment to the reductionist, single molecule or pathway approaches. We provide
clues about what causes developmental delays and abnormal development by
identifying multiple proteins from many cellular pathways that appear to show a
dynamic change in response to UVR. Conclusions from our inclusive assessment of
UV-induced proteomic changes can provide more thorough information on how UVR
affects overall cell regulation and may lead to the identification of biomarkers for
UVR induced stress, cell death and disease.
UVR and ecosystem effects: Widespread release of ozone-depleting gasses
over previous decades has led to reductions in Earth’s ozone, increasing the total
amount of ultraviolet radiation (UVR, 280-400 nm), particularly ultraviolet B (UVB,
280-320 nm) reaching Earth’s surface (Madronich et al., 1998; McKenzie et al.,
2007; Smith et al., 1992; WMO, 2007). The majority of ozone depletion is in polar
regions; nevertheless, moderate increases of UVB in temperate regions (~7% in the
1

summer and 35% in the winter) suggest temperate ecosystems may also be impacted
(Kerr and McElroy, 1993). Despite global reductions in the release of ozonedepleting gasses, ozone levels are not expected to return to 1980 levels in polar
regions until approximately the year 2050 (Madronich et al., 1998; McKenzie et al.,
2003; 2007) and it is unclear whether levels of ozone will return to that seen before
ozone thinning started in the 1970’s (McKenzie et al., 2007).
Recent reports also emphasize that despite stabilization of ozone levels at
temperate latitudes, UVB levels on Earth will continue to increase by a few percent
per decade due to global climate change (McKenzie et al., 2003; 2007; WMO, 2007).
The complex interactions among ozone depletion, climate change and UVR are
mediated by multiple factors including atmospheric circulation patterns and
atmospheric chemistry, and predictions for complete ozone stabilization are difficult
to assess because changes in ozone can affect the climate (cloud formation and
albedo) while changes in climate can in turn affect changes in ozone (Häder et al.,
2007; McKenzie et al., 2007; United Nations Environment Programme,
Environmental Effects Assessment Panel, 2004 and 2005).
Although the effects of ozone depletion and increased UVR have produced a
rich body of literature detailing the potential impacts at the cellular and ecological
levels (reviewed in Cullen and Neale, 1994; Day and Neale 2002; Häder, et al.,
1998; 2005; 2007), there is a need to examine the synergistic effects of UVR with
multiple stressors to evaluate the cumulative effects in marine species. For example,
changes in ocean temperature and pH can result in water stratification that has a
profound effect on the amount of chromophoric dissolved organic matter (CDOM)
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that is photobleached by UVR (Anderson et al., 2001; Häder et al., 2007). The
photobleaching of CDOM results in enhanced penetration of UVR into the ocean
and causes elevated UVR stress in shallow dwelling and planktonic organisms
(Zepp et al., 2003). Furthermore, global climate change will produce elevated
temperatures (Helmuth et al., 2002) and highly variable precipitation (Karl and
Trenberth, 2003), which are already known to represent significant stressors to
intertidal communities. Lesser et al. (1990) and Hoffman et al. (2003) have shown a
dramatic interaction between UVR and temperature stress that can alter organismal
responses to other abiotic environment. Studies by Przeslawski (2004), Przeslawski
et al. (2005) and Russell and Phillips (2009) have highlighted the dramatic
underestimation the effect of multiple stressors has on development of marine
invertebrate embryos including osmotic, temperature and UVR stress.
Previous studies concluded that harmful levels of solar ultraviolet A (UVA,
321-400 nm) and UVB penetrate as much as several meters in organically rich
coastal seawater in temperate regions (Adams et al., 2001; Karentz and Lutze, 1990;
Tedetti and Sempere, 2006). Even at pre-ozone depletion levels, UVR stress is
deleterious to molecular, biochemical and physiological functioning (Xiong et al.,
1999) and has led to reductions in total productivity of phytoplankton and
zooplankton, the foundation of marine food chains (Cullen and Neale, 1994;
Williamson et al., 1994).
UVR is a driving force in both terrestrial and aquatic ecosystems, causing
reductions in ecosystem function, alterations of trophic interactions and further, can
result in mutation and altered cellular function in exposed organisms lacking UVR
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defenses (Caldwell et al., 1998; Häder et al., 2007). Cellular targets such as proteins,
DNA and lipids absorb light differently and may vary in UV-sensitivity. Exposure to
UVB radiation results in direct protein damage by photochemical degradation of
tryptophan and tyrosine residues and destroys disulfide bonds required for proteinprotein interactions (Hollósy, 2002; Tevini 1993). UVB damages DNA through the
production of cyclobutane pyrimidine dimers (CPD’s) among other photoproducts
(Imlay and Linn, 1988; Lesser et al., 2003; Peak and Peak, 1990; Setlow 1974;
Tevini 1993). UVA makes up greater than 90% of the total UVR that reaches
Earth’s surface and causes photooxidative damage through the production of
reactive oxygen species (ROS) that rapidly oxidize nucleic acids, proteins and lipids
(Pourzand and Tyrrell, 1999; Tyrrell 1991).
Sea urchins as a model organism: Sea urchin embryos are an ideal system for
studying the effects of UV-radiation on embryonic development and cells in general
because they are easy to spawn, fertilize and culture in the laboratory. In addition,
adults provide large amounts of gametes and embryos that divide synchronously,
allowing for molecular and integrative physiological studies. More importantly, sea
urchin embryos can be naturally fertilized and cultured in the lab under similar
conditions found in the field since S. purpuratus are broadcast spawners.
Recently, the S. purpuratus genome was sequenced, and the repertoire of
genes expressed in the eggs and embryo (the transcriptome) was analyzed,
providing powerful tools for evaluating effects of UVR on this model species
(Samanta et al., 2006 and Sodergren et al., 2006). S. purpuratus has been an
instrumental model organism for studies that detail the genes used in
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biomineralization (Livingston et al., 2006) and intermediary metabolism (Goel and
Mushegian, 2006), which are actively regulated during development and
differentiation (Howard-Ashby et al., 2006). Sequencing of the genome also
allowed a more extensive identification of the regulatory protein kinases, or the
Kinome (Bradham et al., 2006) and the sea urchin complement of proteins used for
cell cycle control (Fernandez-Guerra et al., 2006). Moreover, the genomic sequence
has provided information about the number of proteins that are in the sea urchin
genomic arsenal for chemical defense, including oxidative stress proteins involved
in mediating UVR stress found in other organisms (Goldstone et al., 2006). These
initial surveys of the genome provide a great deal of insight for the potential genetic
regulation of basic sea urchin development in non-stressed conditions, but lack
functional analysis, especially during stress.
Embryos are the most sensitive life stage of aquatic organisms and echinoid
embryos (including sea urchins) have been used extensively as a valuable model
embryonic system for studying eco-toxicological effects of environmental factors
such as temperature, oxidative stress, chemical pollutants and UVR (Adams and
Shick, 1996; Bancroft et al., 2007; Lesser et al., 2003; Pesando et al., 2003; Russo
et al., 2003). Sea urchins inhabit all of Earth’s major oceans and have
developmental stages sensitive to UVR (Adams and Shick, 1996; 2001; Anderson et
al., 1993; Lesser et al., 2003). Many live intertidally and broadcast spawn gametes
that initially sink. Later embryonic stages start to swim and feed in the upper marine
plankton (Bosch et al., 1987; Pennington and Emlet, 1986) where they are
potentially exposed to elevated levels of UVR.
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The UV-sensitivity of gametes and embryos of sea urchins is well
documented in studies that compare UV-protected to UV-irradiated sea urchin
sperm, eggs and embryos. Reductions in the times for cell division and abnormal
development and morphogenesis have been observed (Adams and Shick, 1996;
2001; Bonaventura et al., 2005; 2006). Specifically, sea urchins exposed to UVR as
eggs or early embryos experience delayed completion of the first mitotic division,
stalling in prophase of the cell cycle (Adams and Shick, 1996 and 2001; Giese,
1964; Rustad, 1971). The UV-induced developmental delay in sea urchin embryos
has accelerated research on the particular effects of UVR in marine invertebrate
embryos and the particular mechanisms cells use to defend themselves against UVstress.
Planktonic sea urchin embryos are microscopic and lack protective
coverings, but have developed protective strategies to reduce the damaging effects
of UVR. Embryos use rapid cell division and efficient DNA repair mechanisms to
mediate UV-induced cellular damage (Häder et al., 2007). These embryos can also
avoid light if held in static water (Miller and Emlet, 1997), but may not be able to
control their position in a mixed water column (Denny and Shibata, 1989), possibly
leaving them more vulnerable to sustained UVR exposure. Sea urchin embryos have
indirect protective strategies, independent of the developmental program, to guard
against UVR damage. Some embryos are supplied with natural sunscreens from the
maternal diet, mycosporine-like amino acids (MAAs), that protect against some but
not all damage caused by UVR (Adams and Shick, 1996 & 2001; Dunlap and Shick,
1998). MAAs are provided maternally to eggs through the adult sea urchin’s diet
(Adams and Shick, 1996; Carroll and Shick, 1996) and resulting embryos with high
6

concentrations of MAAs are more resistant to UVR damage than embryos with low
levels of MAAs (Adams and Shick, 1996; 2001). Specifically, MAAs reduce the
extent of UV-induced cleavage delay experienced by embryos (Adams and Shick,
1996).
Sea urchin embryos also sustain UV-induced DNA damage (Lesser et al,
2003; 2006). Common repair mechanisms utilized by cells in aquatic organisms are
base excision repair (BER), nucleotide excision repair (NER), and mismatch repair
for single-stranded breaks and homologous or non-homologous recombination for
double stranded breaks (Sinha and Häder, 2002). Sea urchin embryos can also use
photoreactivation to enzymatically reverse DNA damage, including the repair of
CPDs. Early studies indicated that irradiating embryos with visible light augments
most but not all of the UV-induced DNA damage and developmental delay
(Akimoto and Shiroya, 1987; Marshak, 1949). Photoreactivation involves the use of
UVA and photosynthetically active radiation (PAR, 401-700 nm) energy to activate
photolyase, which splits DNA dimers created by UVR (Häder et al, 2007; Thoma,
1999). Importantly, studies have specifically documented the production of CPD’s
and photorepair in UVR stressed embryos (Akimoto and Shiroya, 1987; Lesser et al.,
2003; 2006).
UV-induced DNA damage is a hallmark of UV-irradiation in sea urchin
embryos, but interestingly, the action spectra for sea urchin division delays caused by
UV-irradiation of eggs and embryos are more similar to protein absorption rather than
just DNA absorption (Giese, 1964). UVR stress therefore is not only the result of
DNA damage but also appears to manifest in part by damage to or regulation of the
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protein components in sea urchin embryos. Amino acids absorb UVR causing
photodamage of proteins, which can lead to enzyme inactivation and protein
destruction (Hollósy, 2002). UVB can also initiate cellular signals in mammalian
immune cells by causing rapid tyrosine phosphorylations through tyrosine kinases,
leading to activation of calcium signaling controlling a variety of cellular activities
(Schieven et al, 1993). The fact that both UVB and UVA are important factors for
the contribution to DNA and protein damage resulting in low survival of sea urchin
embryos (Adams et al., 2009, in preparation; Lesser et al., 2006) has focused
attention on how UVR affects the regulation of the cell cycle.
Cell cycle and UVR-stress: The cell cycle in somatic cells consists of four phases;
gap 1 (G1), synthesis (S), gap 2 (G2) and mitosis (M) phase. During S phase the cell
replicates its DNA. During M phase chromosomes are separated and distributed
among daughter cells as a result of the cell undergoing mitosis. S and M phase are
separated by the Gap phases (G1 and G2) where cells grow in size and prepare for
replication and mitosis (Norbury and Nurse, 1992). In embryonic cells, there are no
gap phases and cells rapidly cycle between S and M phase as the large egg is
subdivided into smaller and smaller cells. Early sea urchin embryos, like those of
many other animals, do not transcribe their own genome and instead are dependent on
maternally derived mRNAs stored in the eggs (Wei et al., 2006), so early cell cycles
rely on maternal mRNAs and proteins. The short time periods between cell division
observed in S. purpuratus embryos quickly produces motile larvae, which are able to
swim and feed 48-72 hours post-fertilization. This strategy reduces the amount of
time that the embryo is most vulnerable to predation, currents, toxins, and UVR
(Strathmann et al., 2002). By rapidly dividing without slowing to protect or
8

completely repair their DNA, sea urchin embryos may be able to promptly grow to
the point where they can feed and then halt development to take care of any defective
cells by repair and/or apoptosis (Epel, 2003).
In order to preserve the integrity of the genome, cells use checkpoints to
regulate their entry and exit into phases of the cell cycle. Under normal conditions
entry into mitosis is regulated by the Mitosis Promoting Factor (MPF). The MPF is
composed of a cyclin-dependent kinase (Cdc2) and Cyclin B in sea urchins (Murray
and Kirschner, 1989). Upon fertilization, Cyclin B is translated and binds to Cdc2
(which was present in the egg) forming the MPF (Hunt et al., 1992). MPF activity is
regulated by specific protein kinases, which activate and inactivate Cdc2.
Species may have different mechanisms for regulating the cell cycle in
response to DNA damage, but the proteins detecting and altering the cell cycle in
response to DNA damage are highly conserved (Rhind and Russell, 2000). In
general, eukaryotes use a homolog of ataxia talangiectasia mutated (ATM) to
recognize DNA damage and or stalled replication forks. ATM then induces a cascade
response that includes the protein kinase, Chk1, which continues a molecular cascade
that is eventually responsible for causing the inactivation of Cdc2 and stopping entry
into mitosis. Chk1 was first discovered in Schizosaccharomyces pombe and has since
been identified in Saccharomyces cervisiae, Drosophila melanogaster (as Grapes),
Xenopus laevis (as xChk1), and hChk1 in humans and mice (Rhind and Russell,
2000). Recent work on the sea urchin genome has identified a homolog in
S. purpuratus, spChk1 (Sodergren et al., 2006; Goschke, 2005). Also, Adams et al.
(2009, in preparation) observed that UVR causes delayed activation of the
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molecular controls on the sea urchin embryo cell cycle, specifically delayed dephosphorylation of Cdc2 of MPF.
Sea urchin responses to stress: Proteins and amino acids absorb UVR, resulting in
photodamage (Hollósy, 2002). Heat-shock proteins (HSPs) may provide some
protection from direct UV-damage to proteins and deactivated enzymes (Trautinger et
al., 1996). Sea urchin embryos exposed to UVR during early cleavage stages elevate
HSP70 in as little as 1 hour after exposure, in a dose dependent fashion and maintain
elevated expression of HSP70 as much as 48 hours after exposure (Bonaventura et al.,
2005; 2006). HSP70 helps cellular proteins fold properly and remain folded under
both stressful and normal conditions. Mouse and human epidermal cells elevate the
expression of HSP family proteins in response to UV-irradiation. Elevation of HSPs
provide added protection against UVR-induced apoptosis, and further overexpression
of the protein HSP70 can protect cells from accumulating UV-induced DNA damage
in human cells (Trautinger et al., 1996).
Responses to stress involve coordinated cellular signaling including the
control of the cell cycle, metabolism, transcription regulation, development and
differentiation, apoptosis, and other cellular functions. Kinases which phosphorylate,
and phosphatases which dephosphorylate proteins, regulate protein activity during
cell division and during periods of stress. Recent investigation of the full complement
of regulatory protein kinases (the Kinome) encoded in the S. purpuratus genome has
shown that it contains 182 of the 186 subfamilies in the human kinome, and a few
kinases that had not been seen in other organisms (Bradham et al., 2006).
Importantly, the sea urchin kinome has fewer duplication events than the human
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genome, providing a relatively simple model to study specific kinase responses to
stress. Also, analysis of the sea urchin embryonic kinome has revealed that 76% of
the kinases are expressed during embryonic development and that general trends were
consistent with that seen in other multicellular embryos (Bradham et al., 2006). For
example, kinases involved in apoptosis were expressed at less than 50% in embryos
compared to adults, corroborating previous studies that noted that apoptosis did not
occur in embryos during the early phases of development (Vega and Epel, 2004;
Vega-Thurber and Epel, 2007). A total of 88% of the signaling kinases were
expressed during sea urchin embryonic development (Bradham et al., 2006), some of
which may be acting as the regulatory controls for embryonic development during
periods of stress.
The recent sequencing and annotation of the sea urchin genome has produced
many insights and a large body of information about the genome (Bradham et al.,
2006; Fernandez-Guerra et al., 2006; Goel and Mushegian, 2006; Goldstone et al.,
2006; Howard-Ashby et al., 2006; Livingston et al., 2006; Sodergren et al., 2006).
Specifically, the sea urchin genomic sequence has stimulated the production of a
“tool set” from which to analyze marine organismal physiology and responses to
stress (Hofmann et al., 2005). Proteomic studies of sea urchins can now be pursued to
validate aspects of the functional genome. Analyses by Roux et al. (2006; 2008)
provided a detailed proteomic survey of sea urchin eggs and zygotes in response to
fertilization. These studies provide a better picture of the proteins that are present in
the egg and immediately after fertilization as well as changes in their phosphorylation
state.
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Goldstone et al. (2006) utilized the genome data to provide insights about the
available chemical defensome including oxidative stress proteins involved in UVR
response. The presence of these genes confirms the cellular studies revealing sea
urchin embryos have a variety of defense mechanisms to continue embryogenesis in
stressful environments, including the use of defense proteins (Hamdoun and Epel,
2007), but the actual proteins used to mediate UV-induced cell cycle delay have not
been fully identified. A recent review on the molecular basis of the cellular stress
response (CSR) may shed some light into the proteins mediating the general
responses to macromolecular damage that lead to cell cycle delays (Kültz, 2005). The
activation of the CSR is a general pathway launched by cells of all superkingdoms to
cope with a variety of stressors including temperature, osmotic and UVR stress
(Kültz, 2005). Proteins mediating the CSR in UV-stressed sea urchin embryos have
not yet been identified, thus, a proteomic analysis can discover whether proteins in
the CSR are expressed in sea urchin embryos and if they are changing in response to
UVR. Identifying the proteins potentially involved in a sea urchin embryo CSR to
UVR could provide further evidence for physiological biomarkers of UV-stress.
Proteomics, the study of global protein structure and function, has become an
instrumental way to discover biomarkers of ecological stress in marine invertebrates
(Hamer et al., 2004; Tomanek and Sanford, 2003). Two-dimensional SDS-PAGE gel
electrophoresis (2D GE) combined with matrix assisted laser desorption- time of
flight mass spectrometry (MALDI-TOF MS) is a powerful method for identifying
changes in global protein expression patterns in response to environmental stimulus.
By separating proteins in two dimensions (isoelectric focusing point, pI, and MW),
surveys of the global expression of proteins in eggs and embryos of both normal and
12

UVR stressed sea urchin embryos can be measured. Protein spots exhibiting changes
in expression patterns then be positively identified using MALDI-TOF MS.
For nearly a century we have known that sea urchin embryos experience UVinduced delays in the early mitotic cycles after fertilization (Giese, 1938). To date, the
molecular mechanisms mediating these delays have not yet been fully explained. This
report provides the most comprehensive examination of how the majority of the sea
urchin proteome responds to UV-irradiation to help resolve the long-standing
question of what proteins and potential cellular pathways are altered during UVinduced cell cycle delays. A comparison of the proteomes from embryos exposed to
and protected from UVR has the power to identify multiple proteins in multiple
pathways and provides information from a global perspective to resolve the proteins
involved in UV-induced cell cycle delays. Identification of these proteins will allow
us to perform more targeted analyses of post-translational modifications that appear
to be regulating or be regulated by UV-induced delays in division in sea urchin
embryos.
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Chapter 2-Manuscript
EXPOSURE TO ULTRAVIOLET RADIATION CAUSES PROTEOMIC
CHANGES IN EMBRYOS OF THE PURPLE SEA URCHIN,
STRONGYLOCENTROTUS PURPURATUS
Introduction
Widespread release of ozone-depleting gasses over previous decades has led
to reductions in Earth’s ozone layer, increasing the total amount of ultraviolet
radiation (UVR, 280-400 nm), particularly ultraviolet B (UVB, 280-320 nm) reaching
Earth’s surface (Madronich et al., 1998; McKenzie et al., 2007; Smith et al., 1992;
WMO, 2007). The majority of ozone depletion is in polar regions; nevertheless,
moderate increases of UVB in temperate regions (~7% in the summer and 35% in
the winter) suggest mid-latitude ecosystems may also be impacted (Kerr and
McElroy, 1993). Despite reductions in the release of depleting gasses, ozone levels
are not expected to return to 1980 levels in polar regions until approximately the
year 2050 (Madronich 1998; McKenzie et al., 2003; 2007) and it is unclear whether
levels of ozone will ever return to that seen before ozone thinning started in the
1970’s (McKenzie et al., 2007).
Moreover, recent reports emphasize that despite stabilization of ozone levels
at temperate latitudes, UVB levels on Earth will continue to increase by a few percent
per decade due to global climate change (McKenzie et al. 2003; 2007; WMO, 2007).
The complex interactions among ozone depletion, climate change and UVR are
mediated by multiple factors including atmospheric circulation patterns and
atmospheric chemistry, and predictions for complete ozone stabilization are difficult
to assess because changes in ozone can affect the climate, including cloud cover and
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albedo, while changes in climate can in turn affect changes in ozone (Häder et al.,
2007; McKenzie et al., 2007; United Nations Environment Programme,
Environmental Effects Assessment Panel, 2004; 2005). Also, changes in ocean
temperature and pH can result in water stratification that has a profound effect on
the amount of chromophoric dissolved organic matter (CDOM) that is
photobleached by UVR (Anderson et al., 2001; Häder et al., 2007). The
photobleaching of CDOM enhances penetration of UVR into the ocean and
increases photooxidative damage to marine organisms (Zepp et al., 2003).
Harmful levels of solar ultraviolet A (UVA, 321-400 nm) and UVB
penetrate as much as several meters in organically rich coastal seawater of
temperate regions (Adams et al., 2001; Karentz and Lutze, 1990; Tedetti and
Sempere, 2006). Even at the pre-ozone depletion levels, UVR stress is deleterious
to molecular, biochemical and physiological functioning (Xiong et al., 1999)
leading to reductions in total productivity of phytoplankton and zooplankton
(Cullen and Neale, 1994; Williamson et al., 1994).
UVR is a driving force in both terrestrial and aquatic ecosystems, causing
reductions in ecosystem function, alterations of trophic interactions, and results in
mutation and altered cellular function in exposed organisms lacking UVR defenses
(Caldwell et al., 1998 and Häder et al., 2007). Cellular targets such as proteins, DNA
and lipids absorb light differently and may vary in UV-sensitivity. Exposure to UVB
results in direct protein damage by photochemical degradation of tryptophan and
tyrosine residues and destroys disulfide bonds required for protein-protein
interactions (Hollósy, 2002; Tevini 1993). UVB damages DNA through the
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production of cyclobutane pyrimidine dimers (CPD’s) among other photoproducts
(Imlay and Linn, 1988; Lesser et al., 2003; Peak and Peak, 1990; Setlow 1974;
Tevini 1993). UVA makes up greater than 90% of the total UVR that reaches
Earth’s surface and causes photooxidative damage through the production of
reactive oxygen species (ROS) that rapidly oxidize nucleic acids, proteins and lipids
(Pourzand and Tyrrell, 1999; Tyrrell 1991).
Embryos are the most sensitive life stage of aquatic organisms and echinoid
embryos (including sea urchins) have been used extensively as a valuable model
embryonic system for studying the effects of environmental factors such as
temperature, oxidative stress, chemical pollutants and UVR (Adams and Shick,
1996; Bancroft et al., 2007;Lesser et al., 2003; Pesando et al., 2003; Russo et al.,
2003). Sea urchins inhabit all of Earth’s major oceans and have life history stages
sensitive to UVR (Adams and Shick, 1996; 2001; Anderson et al., 1993; Lesser et
al., 2003). Sea urchin embryos are an ideal system for studying effects of UVradiation on embryonic development and cells in general because they are easy to
spawn, fertilize and culture in the laboratory and adults provide large amounts of
gametes and embryos that divide synchronously, allowing for molecular and
integrative physiological studies. More importantly, sea urchin embryos can be
naturally fertilized and cultured in the lab under similar conditions found in the field
since S. purpuratus are broadcast spawners.
The UV-sensitivity of sea urchin gametes and embryos is well studied;
reductions in the times for cell division and abnormal development and
morphogenesis have been observed in response to UVR (Adams and Shick, 1996;
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2001; Bonaventura et al., 2005; 2006). Specifically, exposure of eggs and early
embryos to UVR causes delayed completion of the first mitotic division with
embryos stalling at prophase in the cell cycle (Adams and Shick, 1996; 2001; Giese,
1964; Rustad, 1971). Although many sea urchin species have been used to examine
effects of UVR, embryos from the purple sea urchin Strongylocentrotus purpuratus
are ideal to examining the effects of UVR for a variety of reasons.
Recently the S. purpuratus genome was sequenced, and the repertoire of
genes expressed in eggs and during embryogenesis, the embryonic transcriptome,
was analyzed, providing powerful tools for analyzing effects of UVR on this model
species (Samanta et al., 2006; Sodergren et al., 2006). S. purpuratus has been an
instrumental model organism for studies that detail the genes used in
biomineralization (Livingston et al., 2006) and intermediary metabolism (Goel and
Mushegian, 2006), which are actively regulated during development and
differentiation (Howard-Ashby et al., 2006). Sequencing of the genome also
allowed a more extensive identification of the regulatory protein kinases
constituting the Kinome during early development (Bradham et al., 2006) and the
sea urchin complement of proteins used for cell cycle control (Fernandez-Guerra et
al., 2006). Moreover, the genomic sequence provided information about the number
of proteins that are in the sea urchin genomic arsenal for chemical defense,
including those known to be important in responding to UV-induced oxidative
stress in other organisms (Goldstone et al., 2006). These initial surveys of the
genome provide a great deal of insight for the potential genetic regulation of basic
sea urchin development in non-stressed conditions, but functional analysis,
especially during stress have yet to be conducted.
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Responses to stress involve coordinated cellular signaling including the
control of the cell cycle, metabolism, transcription regulation, development and
differentiation, apoptosis, and other cellular functions. Importantly, studies have
specifically documented the production of CPD’s in UVR-stressed sea urchin
embryos (Lesser et al., 2003; 2006). These experiments highlight DNA damage as
contributing to UVR stress, but interestingly, the action spectra for sea urchin division
delays caused by UV-irradiation of eggs and embryos are more similar to protein
absorption rather than just DNA absorption (Giese, 1964). Amino acids absorb UVR,
therefore UVR stress is not only the result of DNA damage, but likely also affects
protein components in sea urchin embryos.
Sea urchin embryos have a variety of defense mechanisms to continue
embryogenesis in stressful environments including rapid cell division and the
evolution of a “be prepared” strategy, which includes selective packaging of defense
proteins in embryos to combat stressful, yet unknown, environmental fluctuations in
toxic chemicals, heavy metals and during periods of redox flux (Hamdoun and Epel,
2007). Examples of these proteins include Cytochrome P450, heat-shock proteins
(HSPs) and efflux transporters (Hamdoun and Epel, 2007). A recent review on the
molecular basis of the cellular stress response (CSR) conserved in all organisms
provides insight into the proteins mediating the general responses to macromolecular
damage that lead to cell cycle delays (Kültz, 2005). The activation of the CSR is a
general pathway launched by cells from all superkingdoms to both sense
macromolecular damage and to cope with a variety of stressors including
temperature, osmotic and UVR stress (Kültz, 2005). Proteins affected by UVR and
involved in either cleavage delay or the CSR in UV-stressed sea urchin embryos have
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not yet been comprehensively identified, thus, a proteomic analysis can discover
which proteins of the CSR are expressed in embryos and if they are changing in
response to UVR. Identifying the proteins potentially involved in the sea urchin CSR
to UVR could provide further evidence for establishing physiological biomarkers of
UV-stress.
Proteomics, the study of global protein structure and function, has become an
instrumental way to discover biomarkers of ecological stress in marine invertebrates
(Hamer et al., 2004; Tomanek and Sanford, 2003). Two-dimensional SDS-PAGE gel
electrophoresis (2D GE) combined with matrix assisted laser desorption- time of
flight mass spectrometry (MALDI-TOF MS) is a powerful method for identifying
changes in global protein expression patterns in response to environmental stimuli.
By separating proteins in two dimensions (isoelectric focusing point, pI, and MW),
surveys of the global expression of proteins in eggs and embryos of both normal and
UVR stressed sea urchin embryos can be measured. Expression pattern changes in
individual protein spots are found on 2D GE gels and the proteins spots can be
positively identified using MALDI-TOF technology.
It has long been known that sea urchin embryos experience UV-induced
delays in the early mitotic cycles after fertilization (Adams and Shick1996; Rustad,
1971). However, the complete mechanisms mediating these delays have not yet been
elucidated. In this report, we provide the most comprehensive examination of how the
majority of the sea urchin proteome responds to UV-irradiation to help resolve the
long-standing question of what proteins and potential cellular pathways are altered
during UV-induced cell cycle delays and utilize the insights of the sea urchin genome
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sequence (Bradham et al., 2006; Goldstone et al., 2006; Samanta et al., 2006;
Sodergren et al., 2006) to present the first description of how UVR can affect multiple
proteins in multiple cellular pathways simultaneously. By using a comparative
proteomic survey of UV-treated and UV-protected batches of sea urchin embryos we
present the identification of 143 proteins exhibiting differential UV-induced
expression patterns. This comparison will allow us to perform targeted analyses of
post-translational modifications that appear to be regulating or be regulated by UVinduced delays in division in sea urchin embryos and compile a list of protein
biomarkers for UV-associated cell death and disease states.
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Materials and Methods
Sea urchin collection, gamete gathering and embryo culture: Adult
Strongylocentrotus purpuratus, were collected from Goleta, California in November
2007 and held at 10°C in re-circulating seawater aquaria. Sea urchins were induced
to spawn using intracoelomic injections of 0.55 M KCl. Eggs from six females were
collected separately in 0.22 µm filtered seawater (FSW) between 13-15ºC, diluted
to 5% (v/v), washed three times with FSW and treated with 1 mM ammonium
triazole (ATAZ) to prevent hardening of the fertilization envelope. Eggs were
fertilized using a 1:50,000 dilution of dry sperm from a single male and embryos
were cultured in FSW between 13-15°C during UVR exposure. All cultures
achieved at least 95% fertilization.
UVR-exposure and quantification: Batches of embryos (n=6) were exposed to or
protected from artificial UVR using UVA-340 lamps (Q-Panel Lab Products,
Cleveland, OH, USA) that simulate the solar spectrum of UVR (as in Adams and
Shick, 2001; see Shick 1999 for lamps spectral signature). These lamps provide a
means to study cellular targets and molecular mechanisms of UV-induced damage,
by providing consistent doses at a set range of wavelengths. Embryos were exposed
to either photosynthetically active radiation (PAR, 400-700nm, UV-protected) using
UV-opaque acrylic cover (Plexiglas UF3, Arkema, Philadelphia, PA, USA, 50%
cutoff at 400 nm), or PAR + UVA + UVB (295-700nm, UV-treated) using UVtransparent acrylic cover (Plexiglas G-UVT, Arkema, 50% cutoff at 290 nm) over 9
mm glass Petri dishes containing a monolayer of embryos.
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UVA and UVB irradiance was measured during UVR exposures using an IL
1400A radiometer coupled with a UVA sensor (model SEL033) or UVB sensor
(model SEL240) with maximal peak sensitivities at 350 nm and 295 nm
respectively (International Light, Newburyport, MA, USA). Average measured
UVA-irradiance was 1.11 mW/cm2 (± 0.02 s.e.m) and UVB-irradiance was 0.04
µW/cm2 (± 0.001 s.e.m).
Embryos were exposed to UVR for either 25 min (“30 min” samples, see below)
or 60 min (known to cause cleavage delay but not death as per Adams et al. 2009 in
preparation, “90 min” samples, see below) after fertilization. Embryos exposed to
UVR for 25 min experienced cumulative UVA and UVB doses of 16.62 kJ/m2 and
0.60 kJ/m2 respectively (total UVR dose was 17.22 kJ/m2). Embryos exposed to
UVR for 60 min experienced cumulative UVA and UVB doses of 39.90 kJ/m2 and
1.43 kJ/m2 respectively (total UVR dose was 41.33 kJ/m2). UV-exposure
experiments included PAR illumination to allow photorepair in UV-exposed
embryos. Gentle resuspension of cultures was performed every 10 min during
exposure.
Protein lysate preparation: Lysates were prepared at two time points (30 min and
90 min). Embryos were sampled at 30 min post-fertilization because irradiation of
sea urchin eggs and early embryos prior to 30 minutes post-fertilization results in
developmental retardation but does not affect DNA synthesis (Adams et al., 2009 in
preparation, Rao and Hindgardner, 1965; Zeitz et al., 1968). Lysates were also
prepared at 90 min post-fertilization just prior to the onset of mitosis in UVprotected embryos. Embryos were lysed on ice using a 27G needle in a 0.1%

22

TritonX-100 lysis buffer containing protease and phosphatase inhibitors (0.1%
TritonX-100, 15 mM disodium EGTA, 150 mM NaCl, 20 mM HEPES pH 7.0, 60
mM β-glycerolphosphate, 0.5 mM Na2VO4, 1 mM NaF, Roche CompleteMini PIC).
Lysates were kept on ice for 20 min and centrifuged at 14,000 rpm. Lysates were
immediately snap frozen using liquid nitrogen and stored at -80°C until analysis.
Developmental delay assays: In parallel, embryos from each batch were preserved
in 1% formalin buffered FSW every 10 min post-fertilization until completion of
the first mitotic division. At least, 200 embryos from each sample were scored for
cell division and the percentage of cleaved embryos was calculated. A random
complete block design (RCBD) ANOVA was performed to assess effects of UVtreatment on the timing of development to 50% of each batch to complete cleavage
for factors of UV-treatment and blocked by batch of eggs. The degree of UVinduced delay in division for all six batches of embryos was determined and
percentage cleavage delay (PCD) was calculated for each batch using the following
equation (Eqn 1):

Protein quantification and 2D GE: Protein concentrations were determined using
the BCA microplate method (Pierce Biotechnology, Rockford, IL, USA) according
to the manufacturer’s instructions. A total of 100 µg of TritonX-100 soluble protein
was denatured in DeStreak Rehydration Solution (GE Healthcare, Piscataway, NJ,
USA) and passively rehydrated into pH 4-7 isoelectric focusing (IEF) strips (GE
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Healthcare) according to manufacture’s instructions. First dimension isoelectric
focusing of proteins was performed for 21.8kVhrs on a GE Healthcare Ettan
IPGphor3 IEF System using the following method: gradual increase from 0 to 0.5
kilovolts (kV, 2 hrs), 0.5 to 1 kV (1 hr), 1 to 6 kV (2.5 hr), held at 6 kV (2 hr).
Strips were immediately equilibrated first in a 1% DTT/equilibration buffer (6 M
urea, 75 mM Tris HCl, 29.3% glycerol, 2% SDS, 0.002% bromophenol blue) and
then in a 4% Iodoacetamide/equilibration buffer. Proteins were separated by
molecular weight using 10% SDS-PAGE on a BioRad (Hercules, CA, USA)
Criterion Deodca system. One gel was run for each batch of embryos for each
treatment at each time-point (six batches of embryos, two UV-treatments at two
time-points for a total of 24 gels). To minimize gel-to-gel variation between UVR
treatments of the same batch of embryos, 2D GE for all 30 min UVR treated and
protected lysates and all 90 min lysates were run simultaneously in the first and
second dimension. Preliminary analysis showed low gel-to-gel variation among
triplicate gels using lysate from a single batch of sea urchin embryos protected and
exposed to UVR.
Protein detection and image analysis: Proteins in gels were fixed in 7% glacial
acetic acid/50% methanol and stained with SYPRO Ruby stain (Invitrogen,
Carlsbad, CA, USA) according to manufactures instructions. Proteins were detected
using a Typhoon Trio+ Imager (GE Healthcare, Piscataway, NJ, USA) using a 532
nm bandpass filter at 525 pmt voltage and a laser path of 50 microns.
All gel images were warped to a composite image (proteome map), which
was used to detect spots that were subsequently transferred to the original gel
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images using Delta2D software (version 4.0, Decodon GmbH, Greifswald,
Germany), using a similar workflow to that described in Berth et al., 2007. Briefly,
Delta2D software was used to perform image warping. Warping creates exact and
informed landmark spot matches among gel images and results in proteome maps
that contain the necessary positional information to remove spot position variation
among all gel images and allowed direct comparisons of all 24 raw 2D gel images. A
fused master proteome map containing all spots within all 24 2D gels from all
batches at all time points and UV-treatments was created digitally and used to
represent all gel images within a single figure. Spot boundaries for all spots were
designated on the master proteome map and because the total proteome map was a
compilation of all 24 gel images, it offered the advantage of accurate spot detection
and quantification across all raw gel images.
Spots on raw gel images containing all specified spot boundaries were then
quantified as pixel density. The pixel density for each spot was normalized within
each gel image to quantify the percent volume of each spot. The percent volume
represented spot expression density and was used to compare protein spots across
gel images. Further, a fusion image was compiled digitally to create a visual
representation of all six batches for each time point at each UV-treatment.
Differential normalized spot densities were analyzed using the Delta2D
integrated The Institute for Genomic Research Multi Experiment Viewer software
(TIGR MeV, version 4.0, see Saeed et al., 2003). A 2-way ANOVA for each spot
(with 2000 permutations of raw data from original gel images) was performed to
identify significant differences in protein expression between UV-treatments and
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among individual batches for each time point at P• 0.03. An α = 0.03 was selected
to reduce the number false spots showing differential regulation by UVR. Although
the statistical power to analyze the differences between time points existed using
this experimental design, a 3-way ANOVA could not be performed in the TIGR
MeV software to remove any significant effect of individual batch. Delta2D
software further doesn’t allow for analysis of covariance of spots between gel
images. Furthermore, comparisons between the 30 and 90 minutes time points were
not performed because of the differences in total UVR dose between the two time
points. For these reasons the analysis was limited to a 2-way ANOVA for factors of
UV-treatment and blocked by the factor of individual batch of sea urchin embryos
at each time point. Preliminary analysis using the above method indicated low gelto-gel variation between 2D gels from the same lysate run on triplicate gels.
Protein spot picking, digestion and MS analysis: Protein spots were excised from
gels using a BioRad ProteomeWorks automated spot picker from two different 2D
gels. Spots from two different gels were combined after imaging and statistical
analysis of gels and was required to obtain a critical amount of protein from 2D
gels. Each spot was then digested with 82 ng of trypsin (Promega, Madison WI,
USA) and the resulting peptide fragments were spotted on an Anchorchip metal
target (Bruker Daltonics Inc.) using α -cyano-4-hydroxycinnamic acid (HCCA).
Matrix Assisted Laser Desorption Ionization-Tandem Time of Flight Mass
Spectrometry (MALDI-TOF-TOF MS, Ultraflex III, Bruker Daltonics Inc.,
Billerica, MA, USA) was used to identify proteins. Tandem mass spectrometry
(MS/MS) was performed on at least four of the most abundant peaks found in the
original mass spectrum (MS).
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To confirm spot identities, the resulting spectrum were analyzed using the
Biotools software suite (version 3.1, Bruker Daltonics Inc.). Each spectrum was
internally calibrated using at least two trypsin autolysis peaks. Resulting peptide
fragment molecular weights from both the MS and MS/MS were then searched
against an in-house database created using MASCOT software
(www.matrixsciences.com) containing all known sequences from S. purpuratus
(obtained from NCBI in January 2009). Searches were performed using the
MOlecular Weight SEarch (MOWSE) method modified by MASCOT (see Perkins
et al., 1999). Proteins with a MOWSE score was exceeding a certain threshold
value, that is database dependent, indicated the protein identification was significant
at P < 0.05. Minimum criteria were set as an incomplete trypsin digestion with
peptide mass tolerances at 1 Da and MS/MS mass tolerances at 0.7 Da. Both
carbamidomethylation of cysteine and oxidized methionine were set as variable
modifications. All identifications represent significant MASCOT MOWSE scores
set at a threshold of α = 0.05.
Expression volumes for all protein spots identified by mass spectrometry were
standardized for each spot across all batches of embryos. Both standardized protein
spot expression density and embryo batch were hierarchically clustered using a
Pearson correlation. Support for clustering protein expression patterns was analyzed
by bootstrap analysis.
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Results
Effects of UVR on mitosis: As expected (c.f. Adams and Shick, 1996), moderate
ecologically relevant UV-treatment resulted in delayed cleavage for all batches of
embryos after a 60 min UVR treatment (x̄ = 23.24 min ± 1.92 s.e.m, Fig. 1). The
UVR dose and time of exposure was specifically chosen to delay embryos and not to
adversely affect subsequent development. Figure 1 shows the mean percent cleavage
for all six batches of embryos from UV-protected and exposed treatments as a
function of time post-fertilization. The time for 50% of the embryos to divide was
significantly delayed by UV-treatment (P < 0.0001) and varied significantly by batch
(P = 0.031). There was no interaction between UVR treatment and embryo batch and
UV-treatment resulted in delayed cleavage for all batches. Fifty percent of UVprotected embryos cleaved between 110 min and 122 min, whereas 50% of embryos
from the same batches treated with a 41.31 kJ/m2 cumulative dose of UVR cleaved
between 133 min and 154 min.
The rate of division for each set of eggs from all females varied slightly,
therefore the percent delay was calculated for each batch (Eqn 1) to standardize
across embryos from all females. Batches of embryos on average suffered a 19.93%
(± 1.53 s.e.m.) UV-induced delay in mitosis. Remaining UV-protected and UVtreated batches of embryos were cultured at 15ºC. Although observations of mortality
were not assessed, all batches of embryos from both UV-treatments appeared to be at
the swimming hatched blastula stage within 24 hours post-treatment and no obvious
morphological differences were detected.
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Fig.1. Graph of mean (± s.e.m) cleavage rates from UV-protected and UV-treated
S. purpuratus embryos (n = 6 batches) at 10 min intervals starting at 80 min postfertilization through the completion of the first mitotic cell cycle (n = 200 embryos
counted for each of six batches for each time point). Embryos were UV-treated () or
UV-protected () from a total dose of 41.31 kJ/m2 UVR (290-400 nm) delivered over a
period of 60 min. Smooth curves were fit to data points (black lines) and dashed lines
identify the average time required for 50% of embryos to cleave for each treatment. 
indicates the average UV-induced delay in cleavage to be 23.24 min.
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Differential spot migration: Embryos were fertilized and exposed to UVR for 25
min and 60 min to create protein lysates at 30 and 90 min respectively. Figures 2A
and 2B display color overlaid average proteome maps of the 30 min and 90 min postfertilization batches (UV-protected lysates are colored blue, UV-treated lysates are
orange and the spots that exhibit overlay are shown a dark gray to black). Using the
total fusion proteome map described previously, 1,306 spot boundaries were
established. Observing the 2D gel images using both digital image fusion and
treatment image overlays allows for a visual inspection of the overall effect of UVR
on the sea urchin embryonic proteome, but can be misleading. These overlays were
not analyzed specifically because even though great care and effort was taken to
minimize incorporating experimental errors in UVR treatment, lysate preparation,
creation of the 2D gels and image warping, these are average images from embryos
developing at slightly different rates. These techniques for creating total and time
point specific image fusions rather served as reference gel images to depict the results
of statistical analyses by providing a single image of all batches at all UV-treatments
for each time point.
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Fig. 2. Overlay of fusion averaged 2D gel images (proteome maps) for six batches of
S. purpuratus embryos. Colored spots represent proteins from lysates from different
UVR treatments [UV-protected (blue), UV-treated (orange) and overlap (black)].
Highlighted and numbered protein spots correspond to table 1 as spots that migrate
differently due to UVR treatment and identified by MALDI-TOF MS + MS/MS. (A)
Overlay of proteome profiles for embryos at 30 min post-fertilization either protected
from or exposed to a total of 17.21 kJ/m2 UVR (n = 12 gels, 6 for each UV-treatment).
(B) Embryos at 90 min post-fertilization either protected from or exposed to a total of
41.31 kJ/m2 UVR. Each overlay contains 12 2D gel images per time point. All six
batches are represented in each treatment at each time point in both A and B.
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A 2-way ANOVA for each spot was performed on normalized spot volume
values from all gel images for factors of batch and UV-treatment at each time point (α
= 0.03). At least 171 protein spots (13% of the total proteome) showed differential
spot volumes across each batch of embryos for UV-treatment at 30 min postfertilization. At 90 min post-fertilization, a total of 187 spots (14% of the proteome)
were differentially regulated between UV-treated and UV-protected batches of
embryos. Individual batch variation was quantified as a blocking factor in the 2-way
ANOVA between each batch for each time point. At 30 min, 281 spots (21% of the
proteome) varied among batches, whereas 390 spots (30% of the proteome) varied
among batches at 90 min post-fertilization. Although there is a high variation in spots
among individuals, performing the ANOVA with a block by embryo batch ensured
that the most consistent spots among batches that migrated differently due to UVirradiation were identified.
Although the dynamics of protein spots that show differential migration as a
result of UVR can be tracked using a proteomic approach, changes in individual
protein spot abundance are not presumed to be from protein turnover or new
translation and may be a result of either post-translational modifications (PTMs),
extracellular efflux or organelle localization. It is not possible to accurately and
consistently distinguish among these on any one spot using the current method and
therefore a spot exhibiting differential migration because of PTM or efflux was then
broadly classified as being differentially regulated. Regardless of a protein spot
moving from one part of the gel to another, protein translation or protein turnover, all
are encompassed in one term and represent at least one of these process occurring.
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MALDI-TOF-TOF protein identifications: First, differentially regulated protein
spots among UV-treatments identified above were selected for MS analysis. Second,
spots from this list also had to be abundant enough (> 0.005 percent volume in raw
2D images) for high quality MS/MS spectra on at least the four most abundant
fragments found in the MS spectrum. Therefore, a total of 176 protein spots were
selected for identification, 94 for 30 min and 82 for 90 min post-fertilization.
All but 33 protein spots were identified using the minimum threshold of a
significant MOWSE score for combined MS and MS/MS spectra searched against the
predicted S. purpuratus proteome (P < 0.05, Fig. 2A and 2B, Table 1). Proteins
identified by MS + MS/MS are outlined and labeled in Figures 2A and 2B and
numbers associated with each spot relate to the identifications in table 1.
Table 1 provides details for identified proteins by UV-treatment and time
point. Specifically noted are the names of the proteins for all positive MALDI-TOF
identifications. Theoretical molecular weight and isoelectric focusing points are
provided along with the S. purpuratus NCBI blastp accession number for the highest
MOWSE score for the top protein result. Furthermore, the average relative foldchange in spot volume between UV-treated and UV-protected lysates is designated.
The relative fold changes are an average of all normalized spot volumes from the UVtreated batches divided by that of the same spot from the UV-protected batches. This
information is valuable to indicating the amount of average protein spot change
occurring after UV-treatment and further indicates the possible degree of sensitivity
to UVR or regulation during the developmental program.
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By using the proteome map to set the spot boundaries first and then second
transfer these to all spots on all gel images, spot consistency between gel images was
accurately maintained between all combinations of raw 2D gels. Each spot was
arbitrarily assigned a spot number on the total fusion proteome map so that each spot
was re-established with the same number on each raw gel image. In many cases, the
same spot number across gels resulted in identical protein identifications. Also,
identical protein identifications were made for different spot numbers between the
treatments and among the time points. This shows highly repeatable and reliable
identifications using MALDI-TOF-TOF to identify S. purpuratus proteins that are
tracked as a protein spot shifting between the UV-protected or UV-treated gels. For
example at 30 min post-fertilization, spot number 210 exhibited elevated expression
in UV-protected lysates and spot number 194 had elevated expression in the UVtreated lysates. Both of these spots were identified as HSP70. Also, spot number
1043, which was identified as 14-3-3 protein homolog 2, was identified multiple
times from multiple gels and therefore showed complex regulation within the UVprotected 2D gels at 30 min and 90 min post-fertilization.
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Interestingly, spots 753, 786 and 1134 resulted in two separate identifications
with significant MOWSE scores across the 30 and 90 min time points. For example at
30 min, spot 753 produced elevated spot expression in the UV-treated gels and was
identified as Adenosine kinase A. At 90 min, spot 753 had elevated expression in
UV-protected lysates of an identified hypothetical protein. Because the same spot at
both times produced two different identifications, Adenosine kinase A at 30 min and
a hypothetical protein at 90 min, two different scenarios could be hypothesized. First,
one or both of the identifications is incorrect, or second, the specific spot boundary
set on the total proteome map represented two different protein spots, one at 30 min
and one at 90 min, and both were detected and positively identified as being
differentially regulated by UVR. By detecting the same spot positions and numbers in
the total fusion proteome map for 30 min and 90 min together, the protein spot
boundaries representing different proteins at the two time points show that proteins
moved into or out of a single spot boundary because of time and UVR. Therefore
these protein identifications are justified as two different identifications, and represent
different proteins that moved into or out of a single spot boundary set across 30 and
90 min due to UVR exposure.
Protein expression density clustering: Standardized expression volumes for all
protein spots identified by mass spectrometry across all batches of embryos are
represented in a map of expression density (Fig. 3). Both standardized protein spot
expression density and embryo batch were hierarchically clustered in rows and
columns respectively by a Pearson correlation. This figure shows the relative
expression values of each identified protein spot across all gel images at each
treatment level and compares expression density for each spot across all gels. The
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colors of each protein spot indicate the standardized expression of each spot, with
blue representing higher values of standardized expression and orange representing
lower values of standardized expression. Bootstrap analysis confirmed two main
clusters of proteins, highlighted along the left of the map. These two clusters
represent standardized expression of elevated and decreased protein spots by all
batches of embryos for the same treatment. Protein identifications for each spot are
listed along the right of each row.
Clustering the standardized expression of the identified proteins results in
striking expression patterns between UV-treatments for each time point and indicates
that specific proteins are either up or down regulated by UVR (Fig. 3). The perfect
hierarchical clustering of samples by UV-treatment across the top of the figure
demonstrates robust analysis of the identified proteins and implicates these proteins
as being regulated by UVR. All proteins that show statistical differences in spot
abundance between treatments and that were identified by MS show remarkable
expression patterns between UV-treatments, producing two main clusters from the
top to the bottom of the figure, those protein spots that have higher or lower
expression values in either treatment. For example, the top row of the expression
density map for 30 min post-fertilization indicates higher expression of a GTPbinding protein in all UV-protected batches, while the last row shows higher
expression volumes of 14-3-3-like protein 2 in all UV-treated batches of embryos.
UV-treatment correlates strongly with protein spot expression levels (Fig. 3).
Protein spots are either up or down regulated as indicated by the two clusters. The
standardized expression values for all identified proteins across treatments were
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consistent in that a spot changing in expression density due to UVR had similar
standardized values between batches and across UV-treatments. Only the two clusters
of proteins were found among embryos exposed to UVR, indicating that all identified
proteins have the same relative expression characteristics in response to UVR. Figure
3 shows sub-clustering of protein expression, but could not resolve any meaningful
differences below the two main clusters.
Functional protein classifications: Functional classification of identified
proteins was conducted initially using the NCBI Conserved Domain Database (CDD,
Marchler-Bauer et al., 2009). This database search tool allowed for the identification
of homologs and provided protein family information for a number of proteins. CDD
analysis was followed with a survey of the current photobiological and developmental
literature. All identified proteins fit broadly into seven general categories and showed
varying trends in expression due to UV-treatment: (1) stress/repair; (2) protein
translation; (3) cytoskeleton and cytoskeleton regulating proteins; (4) cellular
metabolism; (5) signal transduction; (6) protein turnover and degradation; (7) other.
Many of the identified proteins fit into a number of different categories. For example,
HSP70, may have a dual role in mediating stress and protein turnover (Geraci and
Sconzo, 2003). Proteins for which multiple functional categories could be found
further enhanced their probable importance to monitoring and controlling cell cycle
and embryonic development. Since the functional roles of proteins during
development may be altered from that of later life history stages and/or during stress
and since multiple proteins straddle multiple categories, these functional groups were
not listed in table 1, but are discussed below.
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Fig. 3. Expression density map for MALDI-TOF MS identified proteins showing
significant differentially regulated spot volumes (2-way ANOVA, factors of
S. purpuratus embryo batch and UVR-treatment, P<0.03 based on 2000
permutations). (A) Expression density map for proteins identified within batches of
embryos for all treatments at 30 min post-fertilization (n = 6 for the two UVtreatments), (B) batches of embryos for all treatments at 90 min post-fertilization.
Expression density maps highlight two protein clusters showing significant spot
expression differences due to UV-treatment on vertical axis. Protein clusters
represents differentially expressed protein volumes according to their standardized
expression density (note expression density color bar). Hierarchical clustering of
each sample is noted on the top of each heat map (UV-protected and UV-treated,
numbered by sea urchin embryo batch) using Pearson’s Correlation. The spot
number and identification is to the right of each row in the expression map.
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Discussion
Abiotic stressors, including UVR, CO2 and heavy metals cause developmental
delays in sea urchin embryos (Fig. 1, Adams and Shick, 1996; Giese, 1964;
Kobayashi and Okamura, 2003; Kurihara and Shirayama, 2004). We sought to
elucidate how expression/modification of the entire proteome is affected by
environmentally relevant UVR during the early embryonic cell cycle. We examined
effects of UVR on the sea urchin proteome at two specific cell cycle time points, 30
and 90 min post-fertilization (Fig.2). This study provides some of the first evidence
demonstrating that multiple proteins and cellular pathways they are affected
simultaneously by UV-irradiation or the mitotic delay it causes. Here, we present the
most likely direct or indirect protein targets affected by UVR during the first mitotic
phase of sea urchin development among embryos at 30 min and 90 min postfertilization (table 1).
Treating S. purpuratus embryos with ecologically relevant doses of UVR
results in a delay of the first cell cycle post-fertilization (Fig. 1). We observed an
average UV-induced developmental delay of nearly 20% between six UV-protected
and UV-treated batches of embryos for the first cell cycle. This delay is consistent
with delays observed in previous reports, but the protein targets and molecular
mechanisms controlling this delay have not yet been elucidated (Adams and Shick,
1996; Giese 1964). S. purpuratus embryos vary in sensitivity to UVR across time
during the first division (Adams et al., 2009 unpublished; Rustad, 1960), therefore we
examined the proteomic differences between UV-protected and developmentally
delayed UV-treated embryos at two time points representing distinct events during
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development. At 30 minutes post-fertilization, completion of the “sweep” of proteins
transitioning the oocyte to an embryo has likely occurred (Stitzel and Seydoux, 2007)
and major changes in the egg to embryo transition are over by 30 min (Roux et al,
2008). Also, DNA synthesis has been initiated in the male and female pronuclei in
both UV-protected and UV-treated embryos (Rao and Hindgardner, 1965; Zeitz et
al., 1968). At 90 minutes post-fertilization, the UV-protected embryos have
commenced M-phase of mitosis and are starting to cleave while the UV-treated
embryos have been shown to stall at the morphologically distinct streak stage in
prophase (Rustad, 1971).
Proteomic assessment: Analysis of proteome profiles demonstrate that UVirradiation of embryos causes changes in proteins during the first cell cycle (Table 1,
Fig. 2, 3). Figure 2 shows differences in spot expression patterns of UV-protected and
UV-treated embryos at two time points during the embryonic cell cycle, and figure 3
shows the expression levels of each of these proteins across all batches at all
treatments in a highly organized map of expression density. For each time point, UVtreatment led to two clear patterns of protein expression, spots being either up or
down regulated. Hierarchical clustering of proteins from each treatment reveals that
UVR (or the UV-induced delay) elevates expression of protein spots including
Nucleolin, Vasa homolog protein, and Translation initiation factors including eIF4A,
while simultaneously depresses expression of other protein spots including G1 to S
phase transition protein, Isocitrate dehydrogenase and Transaldolase (Table1, Fig. 3).
The noticeable shifts in migration patterns of protein spots (identified within
both treatments, Fig. 2) are most likely due to post-translational modifications rather
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than overall changes in translation because different spots sharing the same protein
identification have two different spot boundary locations between the UV-treated and
UV-protected batches of S. purpuratus embryos. Because proteins occupy two
different spots between the two treatments (because they are not being turned over),
they are a particularly interesting and important subset of proteins that we propose
represent those that are part of the altered cellular signaling pathways controlling
either the cell cycle or the developmental program during UVR stress. For example
14-3-3 protein spot expression was tracked between UV-treatments at both time
points.
Identifying all possible PTMs of any individual protein spot caused by UVR is
beyond the scope of the current experiments, but is planned for future investigation.
Rather, these experiments were intended to provide an initial list of proteins that may
be altered by UVR or the delays caused by UVR during early development. The
proteins identified by MS + MS/MS and presented in table 1 are then a list of
candidates for future studies to uncover the processes controlling differential
expression patterns resulting after UVR-treatment.
The list of protein spots that differ between UVR treatments potentially
represent proteins that mediate altered paths of cellular function. Because, we
targeted proteins that focus in the pH 4-7 range, any protein with a pI outside of this
range was not detected, limiting the power of substantiating any single pathway as the
causative mechanism to understanding UVR induced delays in cleavage rates. Using
similar methods to those described here, Roux et al. (2008) detected approximately
600 protein spots in sea urchin embryos between 0 to 30 min post-fertilization. We
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present an expanded detection of protein spots for later time points post-fertilization
with a total of 1,306 detected protein spots.
We cannot reconcile whether proteins are directly or indirectly affected by
UVR (proteins that are damaged by UVR directly or proteins that are responding to
UVR induced macromolecular damage). Although specific PTM’s were not identified
because of the relative difficulty in both finding and then assessing each modification
of the proteins presented in table 1, each identification represents a potential marker
of UVR stress regulated development. We speculate many of the observed shifts in
spot positions along both the pI and MW axis are due to phosphorylation as seen in
studies of Roux et al. (2006 and 2008) and backed with evidence in the literature of
their potential phosphorylatable isoforms. Our future studies will focus more on
identifying the causes of these shifts.
Similarly, this study does not attempt to identify whether differences are due
to the direct photochemical damage of proteins or the delays caused by UVRtreatment. We cannot distinguish between these two processes, but the expression
density maps (Fig. 3) show that a large subset of proteins in the UV-treated cells have
higher expression values compared to the UV-protected cells. These include
cytoskeletal proteins such as Tubulin and Actin CyIIb; many proteins making up the
proteasome and involved in protein turnover including the 26S and p44.5 subunits;
proteins involved in subcellular trafficking including HSP70 and Cyclophilin D; and
many others. Therefore we assert that both differential regulation of proteins via PTM
or translation are the major sources of elevated spot expression volume over that of
UVR causing general protein turnover.
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The bootstrap analysis did not resolve any sub-clustering below the two main
clusters with any certainty, therefore, the figure represents only hypothetic subclusters of proteins, which may indicate these proteins are regulated by a particular
cellular pathway. Future studies may provide a more sensitive analysis of the
expression characteristics for proteins mediating UVA versus UVB stress by
performing a similar experiment using light filters to produce both of these
treatments.
The molecular basis of stressed-induced cell cycle delays has been studied in
many other organisms. For example, Kültz, (2005) details the CSR by itemizing the
minimal cellular stress response proteome. Several proteins identified in our
proteomic analysis are consistent with those described in Kültz (2005) including 143-3 protein, HSP70, Cyclophilin D, Glutathione peroxidase, 26S proteasome,
Isocitrate dehydrogenase, Thioredoxin and the nucleotide excision repair protein
Rad23 (Hhr23). The remainder of this discussion will focus on the proteins possibly
mediating cell cycle delay and their participation in this cellular stress response. We
will also attempt to classify these proteins based on the functional categories found by
the CDD analysis and supported by literature.
Proteins potentially involved in UVR induced mitotic delay:
Signal transduction: We have identified 14-3-3 protein and a number of 14-3-3
homologs (including HS1) from all treatments at every time point as being
differentially regulated. In particular, each of these proteins was found to be shifted to
a slightly lower molecular weight in UV-treatments from that over the UV-protected
treatments (Figure 2). This minor deviation in molecular weight could be a result of
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PTM, including a change in phosphorylation state at a number of phosphorylatable
residues. 14-3-3 proteins regulate signaling transduction pathways including cell
cycle control and apoptosis (Ferl et al., 2002; Fu et al., 2000). Of particular note is its
involvement in the regulation of Cdc25, a phosphatase required for the
dephosphorylation and activation of Cdc2, a subunit of the mitosis promoting factor
complex (MPF, Cdc2/ cyclin B, Borgne and Meijer, 1996). Gabrielli et al. (1997)
characterized the Cdc25-dependent retarded activation of MPF in UVC-irradiated
HeLa cells delayed in the G2 to M phase of the cell cycle. In addition, Moreau et al.
(1998) showed that in the presence of the Cdc2 inhibitor, p21, DNA synthesis is not
delayed, further indicating that regulation cell cycle controls (Cdc25 and Cdc2) are
independent of S-phase of the cell cycle and could partially explain the delay in UVinduced cleavage delays.
More importantly, UV-irradiation results in p38 dependent phosphorylation of
Cdc25, which initiates binding to 14-3-3 protein and is a critical step in halting the
cell cycle as a result of a DNA damage checkpoint in mammalian cells (Bulavin et
al., 2001). If DNA damage checkpoints at the G2/M transition are acting upstream of
14-3-3, the delayed activation of Cdc25 and further Cdc2 of MPF would then explain,
in part, the cell cycle delay of the UVR induced delays in the embryonic cell cycle.
More recently, Adams et al. (2009 in preparation) has shown that UV-irradiation of
sea urchin embryos does not affect the concentration of Cyclin B, but causes the
delayed removal of the inhibitory Tyrosine 15 phosphorylation from Cdc2, delaying
MPF activation. This delay in phosphorylation may be due to inhibition of Cdc25
upstream by Chk1 activated 14-3-3 protein.
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Recently, the sea urchin genome sequence was published and has led to
insights about the number and types of DNA damage checkpoint kinases available to
the sea urchin (Fernandez-Guerra et al., 2006; Sodergren et al, 2006). Sea urchins
have DNA damage Chk1 kinase (NCBI Accession: NP_001091925) and it is
expressed in the eggs and early embryos of the purple sea urchin (G. Goschke, M.S.
thesis). This means sea urchin embryos may be primed to sense UV-induced DNA
damage. Human keratinocytes exposed to UVR experience cell cycle arrest that is
correlated to concentrations of both Chk1 (a Cdc25 inhibitory kinase) and Cdc25
(Athar et al., 2000). Although Cdc2, Cyclin B, Chk1 or Cdc25 were not identified in
this study, likely because some have pIs outside of the 4-7 pH range or may not be
soluble in TritonX-100 lysis buffer, we may be able to infer that our identification of
the changes in14-3-3 described above indicate that these proteins could be affected.
We are currently focusing efforts to expand our range of detection to examine how
UVR affects proteins in the pH 7-10 range.
More specifically, a subset of the total 14-3-3 protein in S. purpuratus
embryos occupies different spot locations on all UV-treated gels than on all UVprotected gels (e.g. spot 1028 and 975 or spot 1018 and 999 respectively, Fig. 2), and
this differential regulation of spot expression may be a result of PTM, which then can
modify its relationship with Cdc25. If this is occurring, the differential regulation of
14-3-3 protein could partially explain the UVR induced cell cycle delay. Further it
would link observations of CPD formation and the relative increases of Cdc2
inhibitor protein p21 in UV-irradiated sea urchin embryos (Lesser et al., 2003) and
also confirm the delayed activation of Cdc2 seen by Adams and Foltz (2002).
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Stress and repair proteins: We identified multiple HSP70 and Cyclophilin D
protein spots. These proteins are important for their role as molecular chaperones in
both the cytosol and the mitochondria of eukaryotic cells, and appear to play roles in
the CSR (Kültz, 2005). Our data indicate that UV-irradiation of embryos causes the
pI of HSP70 to become more acidic compared to protected embryos at 30 min postfertilization, possibly due to PTM (spot 210 and 194 respectively, Fig. 2A). This
difference could indicate a change in function of HSP70, which is known to interact
with both cell cycle proteins and the cytoskeleton. There were no differences in
expression for HSP70 at 90 min post-fertilization.
HSP70 has been well studied in the sea urchin Paracentrotus lividus for which
four isoforms have been characterized (Sconzo et al., 1997). Importantly, HSP70
localizes on the mitotic asters with Cdc2/ Cyclin B in dividing sea urchin oocytes
(Geraci et al., 2003) and further is required for proper assembly of the mitotic asters
during cell division (Sconzo et al., 1999). Agueli et al., (2001) proposed the
importance of HSP70 in performing an essential chaperone role for tubulin folding
during the assembly of the sea urchin cleavage embryo mitotic apparatus. HSPs also
may regulate key cell cycle proteins, highlighting their importance in the cell cycle
(Geraci et al., 2003; Helmbrecht et al., 2000). Moreover, UV-irradiation of early
cleavage stage sea urchin embryos stimulates HSP70 expression (Bonaventura et al.,
2006) and this expression is an important indicator of UVR stress early in
development (Bonaventura et al., 2005). These studies indicate that early cleavage sea
urchin embryos are sensitive to UV-stress, which has the ability to alter
developmental phenotypes in later stage embryos as a result. HSP70 activity is also
sensitive to intracellular Ca2+ concentrations (Kiang and Tsokos, 1998). Calcium flux
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at fertilization is known to be playing an essential role in egg activation and the
resumption of the mitotic cell cycle (Whitaker, 2006). Taken together, HSP70 is
essential to the cell cycle and also sea urchin development, plays an important
chaperone role in protein folding, and may be a part of refolding UV-damaged
proteins.
We have also identified the differential migration of Cyclophilin D by
detecting shifts in molecular weight among the 90 min treatments and also shifts in
MW and pI between 30 and 90 min (spots 675, 701 and 753 respectively, Fig. 2).
Cyclophilin D is an important mitochondrial chaperone that protects cells against
apoptosis (Lin and Lechleiter, 2002). Cyclophilin D plays an important role in
regulating the mitochondrial permeability transition pore complex, essential to
detecting the redox state of the mitochondria and recognizing intracellular Ca2+ flux
(Green and Reed, 1998). Furthermore, the permeability transition pore complex as the
mastermind of mitochondrial regulated apoptotic pathways (Green and Reed, 1998).
Overexpression of Cyclophilin D in mouse heart cells leads to enhanced cell death,
further indicating Cyclophilin D may have an essential role in controlling
mitochondrial permeability during calcium flux and oxidative stress (Baines et al.,
2004). Therefore we hypothesize that Cyclophilin D may be controlling the sensing
of cellular redox states and UV-induced changes within these embryos, which are
already heightened because of the respiratory burst after fertilization (Shapiro, 1991).
Shortly after fertilization, a respiratory burst transitions the metabolically
quiescent egg to a rapidly dividing embryo results in the production of ROS (Shapiro,
1991; Wong et al., 2004). As part of the CSR, an oxidative burst is also known to
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occur within stressed cells (Kültz, 2005). We document UV-induced changes in a
large number of proteins that are hallmarks of oxidative stress. For example,
Glutathione peroxidases and Thioredoxin exhibit nearly 4 or 1.5 fold increases in
UV-treated embryos respectively, S-crystallin protein shifts in MW between the 30
min UV treatments, and Carbonic anhydrase had a 1.5 fold increase at 30 min and a
1.17 fold decrease at 90 min in UV-treated embryos (Table1, Fig. 2, and Fig. 3). The
sequencing of the S. purpuratus genome allowed a very detailed analysis of the sea
urchin chemical defensome (Goldstone et al., 2006), which described both the
number and the expression patterns of oxidative defense genes, including Glutathione
peroxidase and Thioredoxin expressed in sea urchin embryos.
Proteins that have roles in protecting cells against oxidative stress could be
regulated differently as a result of UV-irradiation or developmental delay. These
proteins may have dual functions, acting as the regulators of ROS from the oxidative
burst naturally occurring after fertilization and also may be compounded by the UVinduced production of ROS during UVR exposures starting within 3 min after
fertilization. These two processes independently are stressful to cells and
synergistically may be even more stressful to embryos when both are acting
concurrently. We show that there are differences in oxidative stress protein spots
between UVR treated embryos between 30 and 90 min post-fertilization and this
difference could also be contributing to the delay seen between UV-treatments.
Protein degradation: Numerous subunits of the major protein-degrading complex,
the proteasome, were differentially regulated between UV-treatments and time points
(e.g.s alpha 2, alpha 3, alpha 5, beta 6 and regulatory 26S subunit) (Fig. 2, Table 1).
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At 30 min post-fertilization UV-treated embryos exhibited a nearly 1.8 fold decrease
of the 26S proteasome non-ATPase subunit. The p44.5 subunit increased 1.3 fold at
30 min and 1.4 fold at 90 min in the UV-treated embryos. Proteasome alpha 2 subunit
shifted to a higher MW in UV-treated embryos at 30 min post-fertilization compared
to UV-protected embryos (spot 1134 and 1174 respectively). All other subunits
display differential migration between UV-treatments, which may demonstrate they
also have roles involved in the differential regulation of protein turnover in UVstressed embryos. Furthermore, the identification of a large number of proteasome
subunits highlights the probable importance of the entire proteasome complex in
regulating transitional phases of the cell cycle and a response to UV-induced damage.
Although there is a distinct increase in proteasome activity during egg
activation and the egg to embryo transition (Horner and Wolfner, 2008), there is some
indication of a chaperone role for the 26S subunit in stabilizing nucleotide excision
repair (NER) with Hhr23 (Glockzin et al., 2003). Verma et al. (2000) has
characterized three classes of proteasome interacting proteins including HSP70,
which may further elevate the importance of HSP70 as a mediator of UV-induced
delay.
As a result of UV-stress (Kültz, 2005) the proteasome complex may also
mediate the polyubiquination and subsequent degradation of p53 in humans
(Glockzin et al., 2003). Furthermore, p53 has also been identified in sea urchin
embryos and may play a role in the apoptotic pathway activated after UV-stress later
in development (Lesser et al., 2003). Additionally, inhibition of the proteasome
blocks mitosis in sea urchin embryos by delaying the activation of MPF
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(dephosphorylation of Cdc2) and further regulates exit from S-phase of the cell cycle
(Kawahara et al., 2000), highlighting the importance of degrading proteins throughout
the cell cycle. It may also be important to degrade proteins that have activated the
CSR in order to stop any further UVR-induced developmental delay.
Cytoskeleton and cytoskeleton regulating proteins: We expected to identify
differentially regulated proteins for cytoskeleton and cytoskeleton regulation. There is
no question that UV-induced delays in cell division are linked to the timing of the
proteins controlling the physical aspects of pronuclear localization, chromosomal
segregation, cleavage furrow formation and the actual separation of the two daughter
cells. Very little attention has been given to the effect of UVR on cytoskeletal
elements, but importantly, UVR disrupts cytoplasmic microtubules in human skin
cells (Zamansky and Chou, 1987) and affects microtubule stability while having
limited structural effects on microfilaments in somatic cells (Veselká and Janisch,
2000).
We have identified differential migration of numerous cytoskeletal proteins
including Actins and Tubulins for all time points and UV-treatments (Table 1).
Presumably the regulation is a PTM resulting in differences in cytoskeletal assembly
because we do not typically see differences in the total amount of these proteins due
to UVR (personal observation using western blotting). Also, we believe the
regulation of these proteins is a part of the UV-induced cell cycle delay because we
tracked Gelsolin (Fig. 2, Table 1, Fig. 3), a regulator of Actin
polymerization/severing (Sun et al., 1999), in all treatments and all time points. The
change in migration of Gelsolin is particularly interesting because it indicates that
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UV-treated embryos may be physically stalled in the cell cycle because of altered
regulation and function of the actin cytoskeleton. We further document a 1.4 fold
increase of a protein spot identified as SUArp3, an actin-related protein, and a UVmediated 1.3 fold decrease in F-actin capping protein in UV-treated embryos at both
30 and 90 min. These results indicate that regulation of the cytoskeleton is altered
after UV-treatment and may be associated with the delay at prophase characteristic of
UV-induced cell cycle delays in sea urchin embryos (Rustad, 1971).
Additionally, we were able to track multiple protein spots identified as RhoGDP dissociation inhibitor at both of the 90 min treatments (Table 1, spots 1122,
1128 and 1179 in Fig. 2A, Fig. 3A). Rho-GTPases appear to play a role in cytokinesis
by promoting the growth of mictotubules especially during interphase of the cell
cycle (Robinson and Spudich, 2000). Our identification of the differential migration
of Rho family inhibiting proteins in both treatments at 90 min may lead to further
coordinated signaling within these cells to re-coordinate or prevent assembly of the
cytoskeleton during developmental delay. We saw shifts in MW and pI for Rho GDP
dissociation inhibiting proteins at 90 min post-fertilization. Spot 1128 was identified
from the UV-protected lysates and shifts in UV-treated lysates are toward a lower
MW for spot 1179 and toward a higher MW and more acidic pI for spot 1122. Lastly,
Robinson and Spudich (2000) highlight the role of active MPF in regulating the
cytoskeletal elements, which would make the identifications of HSP70 and 14-3-3,
discussed above, as important regulators of the cytoskeleton through the action of
MPF.

54

Cellular metabolism: We identified a potentially important metabolic enzyme that
also has a role in mediating oxidative stress in cells. Mitochondrial Isocitrate
dehydrogenase 2 (NADP+) was down regulated in UV-treated embryos by 1.5 fold at
30 min (Fig. 2, Table 1, Fig. 3). This identification is important because
mitochondrial Isocitrate dehydrogenase plays a role in recycling NADP+ within the
mitochondria and overexpression results in protection from ROS induced damage in
mouse NIH3T3 cells (Jo et al., 2001). This indicates that sea urchin embryos may
have an altered capacity to sense and cope with ROS. Moreover, the activity of
Isocitrate dehydrogenase is regulated by glutationylation during periods of oxidative
stress (Kil and Park, 2005). Our results, in addition to previously published literature,
may indicate the relative importance in regulating the activity of this enzyme,
especially during UV-induced oxidative stress conditions. If UV-stressed sea urchin
embryos carry a decreased ability to regulate redox flux within the mitochondria or
use a different strategy to regulate ROS using ovothiols, the accumulation of damage
from ROS could be contributing to macromolecular damage and activation of the
CSR.
Protein translation: Iordanov et al. (1998) has asserted that part of the cellular
response to UV-stress may be generated at the ribosome from damaged rRNA. We
were able to identify L10e/P0 (an acidic ribosomal protein) as changing nearly 1.3
fold in UV-treated cells. Further, in all UV-treated lysates, we have identified
increases in proteins spots for eIF2α and eIF4AII, proteins required for the initiation
of translation. eIF2α kinases have been shown to play a role in UV-induced apoptosis
in human cells, in part due to the phosphorylation of eIF2α (Parker et al., 2006). Last,
we identified a two-fold increase in Nucleolin in the UV-treated lysates.
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Overexpression of Nucleolin inhibits the translation of p53 and Nucleolin down
regulation promotes the expression of p53 along with ribosomal subunits in mammals
after DNA damage (Takagi et al., 2005). Although we cannot state that the protein
spot we identified is the active or inactive form of Nucleolin, it may have a role in
stalling the cell cycle by controlling the levels of p53 during and after UV-exposure
that may not necessarily have a direct effect on controlling delays in division (Pavey
et al., 2001).
Conclusions: We provide the most comprehensive study documenting the proteome
responses in the sea urchin early cleavage embryo to UV-stress using 2D GE and
MALDI-TOF-TOF MS. The list of proteins identified here are representatives from a
number of different cellular pathways affected by UVR and will serve as future
potential targets. Most notably we have identified cellular targets from numerous
pathways including cell cycle regulation through signal transduction proteins, protein
turnover and stress mediation simultaneously. Additional functional data from a
subset of the proteins identified here may help resolve the longstanding question
regarding the mechanism by which UV-stress alters cellular physiology resulting in
delays and subsequent abnormalities in development. Also, we suspect the detection
of specific PTMs made to many of the proteins we have identified will become
essential to understanding both regulation and activity during UV-induced stress.
Identifying these pathways and proteins will lead to a better identification of
mechanisms involved in UV-stress at the physiological level. Assessing UV-stress in
from a global proteomic viewpoint will elucidate the impact future UV-fluctuations
will have on marine invertebrate embryos specifically and cells in general. We
present a list of proteins that may be used as potential biomarkers or proteins involved
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in novel pathways to alleviate UV-stress in marine organisms.
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